Introduction
High-pressure xenon has many features suitable for X/γ-ray and particle detectors such as its large stopping power, high ionization and scintillation yields, and flexibility for designing detectors. Additionally, among the most remarkable characteristics of xenon is that ionization charge and scintillation light are simultaneously observable. The three-dimensional trajectory of charged particles in such detectors can be determined from charge and light signals on the basis of the principle of time projection chambers (TPCs). TPCs filled with high-pressure xenon have the potential to be used for the MeV-region γ-ray imaging [1] [2] [3] or neutrinoless double-β decay searching [4] . Electron transport properties in high-pressure xenon under external applied electric fields are essential to developing and operating such TPCs. In particular, the electron diffusion coefficients are important from the viewpoint of the position resolution in TPCs.
Electron diffusion in gaseous xenon has been experimentally studied near or below atmospheric pressure (1 atm = 1.01 bar = 0.101 MPa). It has been found out that magnitudes of electron diffusion under an external electric field are different between parallel to and perpendicular to the electric field, which are characterized by the longitudinal (D L ) and transverse (D T ) diffusion coefficients, respectively. The density-normalized longitudinal diffusion coefficient ND L , where N denotes the number density of gas atoms, was measured by Hashimoto and Nakamura [5] at pressures below 0.12 MPa, and the ratio of the longitudinal diffusion coefficient to the mobility D L /µ was measured by Pack et al. [6] at pressures below 0.096 MPa. Also, the characteristic energy ε T , which is related to the transverse diffusion coefficient as ε T = eD T /µ, where e is the elementary charge, was measured by Koizumi et al. [7] at pressures below 0.193 MPa. These parameters were revealed to be functions only of the reduced electric field E/N at near or below atmospheric pressure. Note that the reduced electric field E/N is defined as the electric field normalized by number density of gas atoms, of which unit is Td, and 1 Td = 10 −17 V·cm 2 .
In the case of high-pressure xenon, on the other hand, there are only a few studies on the electron diffusion. Only the characteristic energy was measured at pressures below 1.0 MPa and in the reduced electric field range from 0.05 to 1.2 Td [8, 9] , and no significant pressure dependence was observed. In high-pressure xenon, therefore, many of electron transport properties remain to be unveiled. Recently, we measured the longitudinal diffusion coefficient in a wide range of gaseous pressures [10, 11] for the purpose of better understanding of the electron transport properties in highpressure xenon. In this paper, our recent experimental results of the longitudinal diffusion coefficient are summarized in section 2, and a comparison between longitudinal and transverse diffusion in high-pressure xenon is made in section 3. Since the density-normalized diffusion coefficient and reduced electric field are related to the number density of gas atoms, we also indicate the gaseous density with the gaseous pressure for high-pressure data.
Pressure dependence of the longitudinal diffusion
The longitudinal diffusion coefficient of electrons at room temperature was measured in a wide range of gaseous pressures using two parallel-plate drift chambers with different pressure ranges [10, 11] . At relatively low pressures ranging from 0.17 to 1.8 MPa (from 4.19 × 10 19 to 4.82 × 10 20 cm −3 in density), a xenon flash lamp was used as a UV source, and electron swarms were generated by UV flashlights at a photocathode positioned in the chamber [10] . On the other hand, at high pressures ranging from 1.0 to 5.0 MPa (from 2.55 × 10 20 to 1.73 × 10 21 cm −3 in density), electron swarms were generated by 5.49-MeV α-particles [11] . For the measurements with both chambers, the electron mobility and longitudinal diffusion coefficient were derived from the time evolution of current signals formed by drifting electrons under an uniform electric field between parallel plates. The signals induced on the anode of the chamber were fed to a chargesensitive preamplifier, and the output signals from the preamplifier were stored using a digital oscilloscope. The electron mobility and longitudinal diffusion coefficient were determined by analyzing the waveforms of preamplifier signals. Figure 1 shows the results of the density-normalized longitudinal diffusion coefficient ND L [10, 11] as a function of reduced electric field E/N for several representative pressures. Previous experimental results at near or below atmospheric pressure [5] result, a significant pressure dependence of ND L was observed for E/N ≈ 0.04 Td. In contrast, no pressure dependence was observed for E/N 0.06 Td. This finding indicates that the effective momentum-transfer cross section for electron-atom scattering varies with increasing pressure.
Since the maximum of ND L at E/N ≈ 0.05 Td is related to the minimum of the momentum-transfer cross section known as the Ramsauer-Townsend minimum, the effective momentum-transfer cross section decreases with increasing pressure around the region of the Ramsauer-Townsend minimum.
Although the density-normalized mobility Nµ also depends on the gaseous pressure, the pressuredependent variation of ND L was found to be much larger than that of Nµ [11] .
3 Longitudinal and transverse diffusion at high pressure figure 2 (b) as a function of reduced electric field E/N. These data are derived from the experimental results of electron mobility in ref. [12] and electron diffusion coefficients in refs. [5, 7, 9, 11] . It is to be noted that the data at atmospheric pressure are just as valid for near or below atmospheric pressure. As shown in figure 2(a) , the electron diffusion is suppressed at high pressure for the same drift distance. Magnitude of electron diffusion is proportional to N −1/2 when the density-normalized diffusion coefficient is independent on pressure. Therefore, σ L is not proportional to N −1/2 for E/N ≈ 0.04 Td because ND L depends on pressure for this electric field as described in section 2. Although it was not measured in previous studies [8, 9] , there may be a pressure dependence of ND T for low electric field region around E/N ≈ 0.04 Td.
At a pressure of 1.0 MPa, σ L and σ T are almost comparable at low electric field around E/N ≈ 0.05 Td. In contrast, the difference between σ L and σ T becomes larger with increasing electric field. The longitudinal diffusion decreases with increasing electric field from σ L ≈ 0.1 to 0.05 cm, whereas the transverse diffusion remains nearly constant at σ T ≈ 0.1 cm. This trend is also obtained in the ratio D L /D T as shown in figure 2(b) ; the ratio D L /D T decreases with increasing electric field. The difference between the longitudinal and transverse diffusion coefficients arises from the fact that the longitudinal diffusion coefficient is related to the gradient of the momentum-transfer cross section [13] . The longitudinal diffusion coefficient is larger than the transverse one when the momentum-transfer cross section decreases with increasing electron energy, and is smaller than the transverse one when the momentum-transfer cross section increases with increasing electron energy. Since the pressure dependence was not observed in ND L and ND T for E/N 0.06 Td, there seems to be no pressure dependence of D L /D T between E/N ≈ 0.05 and 0.1 Td in figure 2(b) . However, D L /D T at 1.0 MPa is slightly larger than that at atmospheric pressure for E/N 0.1 Td. The cause of this difference is presently unknown, and further detailed studies will be needed to understand the electron diffusion in high-pressure xenon.
Conclusions
The longitudinal diffusion coefficient of electrons was measured in high-pressure xenon at room temperature, extending the previous published results in the high pressure end up to 5.0 MPa. It was found that the density-normalized longitudinal diffusion coefficient significantly increases with pressure for reduced electric fields around 0.04 Td, which can be attributed to the decrease in the effective momentum-transfer cross section. The longitudinal diffusion becomes smaller than the transverse one, when increasing the reduced electric field from approximately 0.05 to 0.2 Td at a pressure of 1.0 MPa. There seems to be no significant pressure dependence in the ratio of the longitudinal to transverse diffusion coefficient for reduced electric fields above approximately 0.05 Td, however, further investigations are necessary on the electron diffusion in wider ranges of gaseous pressures and electric fields.
